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(54) High-voltage bushing

(57)  The subject of the invention is a high-voltage
bushing applicable in electric power engineering. The
high-voltage bushing comprises a condenser core (1)
and electrically conducting field-grading layers (3) which
are arranged coaxially around the central conductor (2)
and are embedded in insulating material (4) of the con-
denser core (1). An electric connection (6) is provided to
at least one layer (3a) of the field-grading layers (3) by
means of a current-collecting member (5). The layer (3a)
is made in form of thin metal film deposited on an elec-
trically insulating substrate layer or in form of a percolat-
ing network of conductive particles suspended in a layer
of electrically insulating material, and the current-collect-
ing member (5) is positioned on the surface of the layer
(3a) and it covers a part of the surface area of the layer
(3a) and has the surface resistivity many times smaller
than the surface resistivity of the layer (3a). The current-
collecting member (5) is shaped so that the length of the
contour line of its circumference (L) is greater than the
length of the shorter side of the layer (3a).
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Description

[0001] The subject of the invention is a high-voltage
bushing applicable in electric power engineering.
[0002] Bushings are devices used to lead a conductor
under voltage through an opening in a wall or equipment
at ground (earth) potential. A typical condenser bushing
for medium- or high-voltage applications, that is, from
24kV to 800kV and above, comprises a condenser core
with a number of concentric electrically conducting field-
grading layers of cylindrical shape arranged around the
central conductor so as to form a capacitive divider uni-
formly distributing the voltage among the field-grading
layers. As aresult, the electric field generated by the high
voltage is also uniformly distributed, both inside the con-
denser core in the radial direction, and outside, close to
the outer surface of the bushing, along its axis.

[0003] Field-grading layers of the condenser core are
usually made of metal foil. Bushings using such field-
grading layers are known, e.g. from the following patent
descriptions: US 3875327, US 4 362 897, US 4 338 487,
US 4 387 266, US 4 500 745 and GB 1 125 964.
[0004] Field-gradinglayers made of metalfoil are char-
acterized by very low surface resistivity, typically 1-3mQ
per square. The geometrical arrangement of the field-
grading layers of such low resistivity in the condenser
core constitutes a number of interconnected capacitance
and inductance elements prone to resonant high-fre-
quency oscillations of large quality factor. Such oscilla-
tions are triggered by electric impulses of high frequency
and lead to local occurrence of high electric field in the
condenser core, with a risk of insulation damage.
[0005] One of the methods to avoid such oscillations
is application of field-grading layers of increased surface
resistivity. Increased resistivity of the field-grading layers
leads to reducing the quality factor of the oscillation cir-
cuits. In consequence, the amplitude of the oscillations
is reduced and there is less risk of insulation damage.
Numerous ways are known of manufacturing field-grad-
ing layers of increased electric resistivity.

[0006] From a Japanese patent description JP
01283716 there is known a cast bushing in which the
field-grading layers are made of fabric or nonwoven cloth
having a conductive layer on its surface, e.g. in form of
conductive paint. Typical resistivity of conductive paints
is much larger than that of metal.

[0007] Field-grading layers used in a bushing known
from patent description W02006/001724 are made on
the basis of paper, fabric or nonwoven cloth and contain
conducting particles suspended in it and forming a per-
colating network, electrically conducting in the layer
plane. The particles can be e.g. carbon nanotubes, car-
bon nanofibers, metallic microfibers. Such percolative
structures are also characterized by electric resistivity
higher then that of metals.

[0008] Another way of increasing the resistivity of the
field-grading layers is using a very thin layer of metal, for
example deposited on insulating material. From the un-
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published patent application EP06460047 there is known
an insulating structure with field-grading layers, applica-
ble in high-voltage bushings, in which the field-grading
layers are made in form of an insulating substrate layer
coated with a very thin metal layer.

[0009] The innermost field-grading layer of the con-
denser core of a bushing is electrically connected to the
conductor of the bushing. The outermost, and/or one of
the other outer field-grading layers are electrically con-
nected to the ground potential. Connection to the ground
potential goes typically via the metallic flange which
serves to mechanically fix the bushing to the grounded
equipment.

[0010] Inmostofthe condenser bushing types, at least
one of the connections of the outer field-grading layers
is arranged in a socket, so that it can be disconnected
from the grounded flange and connected to a testing de-
vice to perform electrical tests on the bushing. During
normal operation, the socket is short circuited by a con-
ductive plug. Depending on the function, the socket is
known as test- or measurement tap (when connected to
the outermost field-grading layer) or voltage- or potential
tap (when connected one of the other outer field-grading
layers).

[0011] During normal operation, the connections of the
inner- and the outer field-grading layers carry a relatively
small capacitive current flowing through the electric ca-
pacitance of the condenser core. In surge conditions
caused by a lightning impulse, operation of a surge ar-
rester or switching, a pulse of substantially higher current
is carried by the connection. A similar situation occurs
during impulse testing of a bushing performed in labora-
tory conditions. During the pulse, the current is being
distributed from the connection into the field-grading lay-
er plane and the highest density of the surface currentin
the field-grading layer occurs close to the point at which
the electrical connection is attached to the layer. For a
circular connection point, the current density is equal to
the total current divided by the circumference of the con-
nection spot. For a typical connection used with field
grading layers made of metal foil, this circumference is
very small. For example, for a soldering connection, the
circumference of the contact point (a drop of solder) is
typically of the order of 5-15mm, and the local surface
currentdensity in the layer can be very large, much larger
than the current densities in all the other layers, to which
the connections are not provided. Field-grading layers of
increased surface resistivity have smaller ability to con-
duct large electric current than the conventionally used
metal foils. Thus, the application of the field-grading lay-
ers of increased resistivity, as the layers to which the
connections are attached requires a dedicated, new so-
lution.

[0012] Abushing withfield-grading layers made of ma-
terial of limited current carrying capacity, and, inthe same
time, with improved current withstand of the connection
during a surge, is known from a patent description GB
539 587. The bushing comprises an additional surge-
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draining layer, to which the external connection is ap-
plied, made of a stout conducting material of a high cur-
rent carrying capacity. The surge-draining layer is elec-
trically connected to the outermost field-grading layer by
one or more conductive connections. During normal op-
eration, the capacitive current flows through the conduc-
tive connection. In a surge condition, a part of the high
frequency current takes the other path distributed over
the whole or the major part of the surface of the field-
grading layer and the impedance of that path is such that
the substantial part of the high-frequency current takes
this distributed path.

[0013] In that technical solution, in a surge condition,
the distributed path of the current is formed by the sub-
stantial capacitance between the field-grading layer and
the surge-draining layer. The resistance of the surge-
draining layer is very low, compared to the impedance
related to that capacitance. Effectively, during the surge,
the current path goes from the connection, along the sur-
face of the surge-draining layer and farther, through the
capacitance into the field-grading layer in the direction
perpendicular to both layers. Thus, virtually no current
flows along the surface of the field-grading layer and even
when the layer of increased resistivity is applied, there
is no effect of damping of high-frequency oscillations by
the resistance of that layer.

[0014] The problem to be solved is to provide an elec-
tric connection to a field grading layer of increased resis-
tivity, made in such a way that a substantial part of the
high-frequency surge current flows along the surface of
that field-grading layer, thus giving the effect of damping
the high-frequency oscillations but in the same time the
surface current density in that layer is limited so that the
layer is not damaged during the surge.

[0015] The essence of the high-voltage bushing ac-
cording to the invention, comprising a condenser core
and electrically conducting field-grading layers which are
arranged coaxially around the central conductor and are
embedded in the insulating material of the condenser
core, while an electric connection is provided, by means
of a current-collecting member, to at least one of the field-
grading layers, and this layer is made in form of a thin
metal layer deposited on an electrically insulating sub-
strate layer or in form of a percolating network of con-
ducting particles suspended in a layer of electrically in-
sulating material is that the current-collecting member is
located on the surface of the layer to which the electric
connection is provided and covers a part of the area of
that layer. The surface resistivity of the current-collecting
member is many times smaller than the surface resistivity
of the layer to which the electric connection is provided.
The current-collecting member is shaped so that the
length of the contour line of its circumference is greater
than the length of the shorter side of the layer on the
surface of which the current-collecting member is locat-
ed.

[0016] Preferably, the length of the contour line of the
circumference of the current-collecting member is select-
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ed so that during the impulse test required for the bush-
ing, the root-mean-square average of the surface density
of the current flowing across the surface of the layer on
which the current-collecting member is located, close to
the contour line of the circumference of the current-col-
lecting member, is smaller than the root-mean-square
average of the withstand current density for that layer
exposed to a pulse of a shape and duration similar to the
shape and duration of the current flowing through the
electric connection which drains the current during the
impulse test of the bushing.

[0017] Preferably, the layer on whose surface the cur-
rent-collecting member is located has surface resistivity
greater than 100mQ per square.

[0018] Preferably, the current-collecting member has
an elongated shape, and it is located on the surface of
the field grading layer longitudinally with respect to the
direction of the longitudinal axis of the bushing.

[0019] Preferably, the current collecting member is po-
sitioned close to the symmetry axis of the field-grading
layer.

[0020] Alternatively, the current-collecting member

has an elongated shape, and it is located on the surface
of the field grading layer perpendicularly with respect to
the direction of the longitudinal axis of the bushing.
[0021] Preferably, the current-collecting member has
a shape similar to a geometric figure consisting of many
elongated conducting elements located parallel to one
another and connected crosswise by means of another
elongated conducting element.

[0022] Preferably, the current collecting member is
made of metal foil.

[0023] Alternatively, the current collecting member is
made of a braid or a woven or unwoven fabric containing
metal wires, fibers or metal foil strips.

[0024] Preferably, the current collecting member is
electrically connected with the field grading layer using
electrically conducting adhesive or electrically conduc-
tive paint.

[0025] Ahigh-voltage instrument transformer compris-
ing a bushing according to the invention.

[0026] The bushing according to the invention is highly
resistant to high-frequency voltage oscillations or impuls-
es since the high frequency oscillations are damped by
the electric resistance of the field-grading layer to which
the connection is provided. In the same time, the current
density in the field grading layer is limited so that the
bushing is not prone to failures due to a pulse of high
current occurring during surge condition.

[0027] The invention is presented as an embodiment
in the drawing where fig. 1 shows schematically the lon-
gitudinal section of the high-voltage bushing, fig. 2 - the
same bushing in cross-section along the line A-A, fig. 3
- the unwound outer field-grading layer together with the
current-collecting member in the first embodiment of the
invention, fig. 4 - the unwound outer field-grading layer
together with the current-collecting member in the sec-
ond embodiment of the invention, fig. 5a - the unwound
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outer field-grading layer together with the current-collect-
ing member in the third embodiment of the invention, fig.
5b - the field-grading layer of fig. 5a with the relevant
surface areas indicated, fig. 6 - an example of the wave-
form of the current flowing through the connection of the
field-grading layer during the impulse test, and fig. 7 - the
outer field-grading layers, in cross-section along the line
A-A, in the first embodiment of the invention with the dis-
tribution of the current from the connection to the field-
grading layers indicated in the drawing.

[0028] The high-voltage bushing according to the in-
vention comprises a condenser core 1 which is arranged
around a central cylindrical conductor 2. The condenser
core 1 is placed inside a standard insulating casing in-
tended for high-voltage bushings, which is not shown in
the drawing. The condenser core 1 is comprised of many
field-grading layers 3 which are placed cylindrically, co-
axially around the central cylindrical conductor 2 and are
embedded in insulating material 4 of the condenser core
1. To one of the layers 3, for example the outermost layer
3a, there is connected, by means of a current-collecting
member 5, an external electric connection 6 which con-
nects the layer 3a with an external conducting flange 7
by means of which the bushing is fixed to the earthed
wall of the electric equipment, not shown in the drawing.
The electric connection 6 can be also connected to one
of the other layers 3, typically layers located nearer the
flange 7, which is not shown in the drawing. The connec-
tion 6 can also be connected to the layer 3 located closest
to the central conductor 2, and the connection 6 is then
connected to the central conductor 2, which is not shown
in the drawing either. The connection 6 connected to one
of the layers 3 located nearer the flange 7 or to the outer
layer 3a can be also connected to a test- or voltage tap
in form of the contact of a socket located in the flange 7,
which is not shown in the drawing. Such socket makes
it possible to connect measuring instruments to the ap-
propriate layer 3 or 3a, or, by short-circuiting the socket
contact with the flange 7, allows the earthing of the given
layer 3 or 3a. The field-grading layer 3a of the exemplary
embodiment of the invention is made of paper filled with
a percolating network of metallic fibres and its surface
resistance is 10Q - 20Q per square. Alternatively, the
field-grading layer 3a is made as a metallic film applied
on an electrically insulating substrate layer made of in-
sulating paper and its surface resistance is 5Q - 15Q per
square. The current-collecting member 5 is placed on
the outermost layer 3a and is in electric contact with it
over the whole area of the current-collecting member 5.
The current-collecting member 5 has a shape similar to
a rectangle with rounded corners and in the first embod-
iment of the invention it is located on the layer 3a in such
way that the longer sides of the rectangle are located
parallel to the direction of the longitudinal axis of the
bushing , marked by an arrow 8 in the drawing. The cur-
rent-collecting member 5 is located near the axis of sym-
metry of the layer 3a. The current-collecting member 5
is made as a flat braid consisting of copper wires, whose
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surface resistance is at least 1000 times less than the
surface resistance of the field-grading layer 3a. The con-
tour line of the circumference "L" of the current-collecting
member 5 is a line, substantially perpendicularly to which
the current flow distribution takes place in plane of the
layer 3a from the member 5 to the layer 3a. The current
is supplied to the current-collecting member 5 through
the connection 6. The length of the contour line of the
circumference "L" is approximately twice longer than the
length of the shorter side of the layer 3a.

[0029] Inthe second embodiment of the invention, the
current-collecting member 5, which is located on the out-
ermost layer 3a, has a shape similar to a rectangle with
rounded corners and it is located on the layer 3a in such
way that the longer sides of the rectangle are located
perpendicularly to the direction of the longitudinal axis of
the bushing, marked by a bi-directional arrow 8 in the
drawing. The current-collecting member 5 is made as a
flat braid, consisting of copper wires, whose surface re-
sistance is at least 1000 times less than the surface re-
sistance of the field-grading layer 3a. The contour line of
the circumference "L" of the current-collecting member
is aline, substantially perpendicularly to which the current
flow distribution takes place in plane of the layer 3a from
the current-collecting member 5 to the layer 3a. The cur-
rent is supplied to the member 5 through the connection
6. The length of the contour line of the circumference "L"
is approximately 4 times longer than the length of the
shorter side of the layer 3a.

[0030] In the third embodiment of the invention, the
current-collecting member 5, which is located on the out-
ermost layer 3a has a shape similar to a geometric figure
comprised of many elongated, preferably rectangular
conducting elements 9 with rounded corners, located
parallel to one another and interconnected crosswise by
means of another rectangular conducting element 10
with rounded corners, whose longer sides are located
perpendicularly to the direction of the longitudinal axis of
the bushing, marked with a bi-directional arrow 8 in the
drawing. The conducting elements 9 and 10 are made
as a flat braid of copper wires, whose surface resistance
is at least 1000 times less than the surface resistance of
the field-grading layer 3a. The contour line of the circum-
ference "L" of the current-collecting electrode is a line,
substantially perpendicularly to which the current flow
distribution takes place in plane of the layer 3a from the
current-collecting member 5 to the layer 3a. Current is
supplied to the conducting element 10 of the current-
collecting member 5 through the connection 6. The length
of the contour line of the circumference "L" is approxi-
mately 10 times longer than the length of the shorter side
of the layer 3a.

[0031] Inallthe embodiments, the length of the contour
line "L" of the circumference of the current-collecting
member 5 is so selected that during the impulse test re-
quired for the bushing, the root-mean-square average of
the surface density of the current flowing across the sur-
face of the layer 3a near the contour line "L" is smaller
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than the root-mean-square average of the withstand cur-
rent density for the layer 3a exposed to a pulse of a form
and duration similar to the form and duration of current
flowing through the connection 6 during the impulse test
of the bushing.

[0032] In the embodiment, the bushing undergoes a
chopped lightning impulse test. An exemplary waveform
of the surge current g, flowing through the connection
6 during such test is shown in fig. 6.

[0033] As shown in fig. 7, the surge current /|, runs
through the connection 6 to the current-collecting mem-
ber 5. From there, a part /¢ of the surge current I,
flows to the layer 3a in the direction perpendicular to its
surface and farther, capacitively to the other field-grading
layers 3. The other part of the surge current, ly¢, flows
into the part of layer 3a not covered by the current-col-
lecting member 5 in the direction parallel to its surface
and substantially perpendicular to the contour line "L"
(fig.3) of the circumference of the current-collecting mem-
ber 5. This part of the surge current flows farther from
the layer 3a capacitively to the successive field-grading
layers 3 as well. Therefore, since the capacitive imped-
ance is the main part of the high-frequency impedance
of the circuit, the ratio of the values of the currents /¢
and /y¢ corresponds to the ratio of the respective capac-
itances, which in turn are proportional to the surface area
Scc of the current-collecting member 5 and the surface
area Sy of the layer 3a not covered by the current-col-
lecting member 5, respectively, with the exception of the
surface area of the zone 11 on which fragments of the
wound layer 3a overlap. Hence the other part of the surge
current is:

where Sz, is the surface area of the layer 3a except for
the surface area of the zone 11 on which fragments of
the rolled up layer 3a overlap.

[0034] The surface density p; of the current flowing
across the surface of the layer 3a, near the contour line
"L", is, on average, Iyc/L, where L is the length of the
contour line "L", hence

_ Icu 'SNC .

P = LS,

[0035] Using the above equation, the length L is se-
lected so that the root-mean-square average currentden-
sity p, does not exceed the average withstand current
density for the material of which the layer 3a embedded
in insulating material used in the bushing is made. The
root-mean-square average withstand current density for
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the material of the layer 3a is defined for a pulse of a form
similar to the form of the pulse /s, or the form of its
envelope indicated by a dashed line, both indicated in
fig. 6 and of duration identical with or longer than the
duration of the pulse /g .

[0036] For such selection of the contour line L length,
the material of the layer 3a is not damaged during the
applied impulse test. At the same time, a large part Iyc
of surge current I | flows across the surface of the layer
3a and the electric resistance of this surface contributes
to the attenuation of the high-frequency oscillations.
[0037] The above described division of the surge cur-
rent I, into the currents /o and /y¢ applies to a case
where the connection 6 is provided to the outer field-
grading layer 3a. For a case where the connection 6 is
provided to another layer, the division of the surge current
takes place according to the relation between other cor-
responding surfaces. In particular, for the innermost layer
closest to the central conductor 2, the division of currents
takes place in proportion to the corresponding surface
areas of the next, neighbouring it on the outside, field-
grading layer.

[0038] Inallembodiments of the invention, the current-
collecting member 5 or its elements 9 and 10 can be
alternatively made of metallic foil which is located on the
surface of the layer 3a.

[0039] Inallembodiments of the invention, the current-
collecting member 5 or its elements 9 and 10 can be
alternatively made as a braid, or a woven or unwoven
fabric containing metal wires, fibres or metal foil strips.
[0040] Inallembodiments of the invention, the current-
collecting member 5 can be alternatively electrically con-
nected with the field-grading layer 3a by means of a layer
of conductive adhesive and/or paint, which is not shown
in the drawing.

[0041] Alternatively, the bushing according to the in-
vention is an element of a high-voltage instrument trans-
former.

Claims

1. Ahigh-voltage bushing comprising a condenser core
(1) and electrically conductive field-grading layers
(3) which are arranged coaxially around the central
conductor (2) and are embedded in insulating mate-
rial (4) of the condenser core (1), while an electric
connection (6) is provided to at least one layer (3a)
of the field-grading layers (3) by means of a current-
collecting member (5), and the layer (3a) is made in
form of a thin metal layer deposited on an electrically
insulating substrate layer or in form of a percolating
network of conductive particles suspended in a layer
of electrically insulating material, characterised in
that the current-collecting member (5) is located on
the surface of the layer (3a) and it covers a part of
the surface area of the layer (3a) and it has a surface
resistivity many times smaller than the surface re-
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sistivity of the layer (3a) and it is shaped so that the
length of the contour line of its circumference (L) is
greater than the length of the shorter side of the layer
(3a).

A bushing according to claim1, characterised in
that the length of the contour line of the circumfer-
ence (L) of the current-collecting member (5) is se-
lected so that during the impulse test required for the
bushing, the root-mean-square average of the sur-
face density of the current flowing across the surface
ofthe layer (3a) close to the contour line (L) is smaller
than the root-mean-square average of the withstand
current density for the layer (3a) exposed to a pulse
of a shape and duration similar to the shape and
duration of the current flowing through the connec-
tion (6) during the impulse test of the bushing.

A bushing according to claim 1 or 2, characterised
in that the layer (3a) has surface resistivity greater
than 100mQ per square.

A bushing according to any of the previous claims,
characterised in that the current-collecting mem-
ber (5) has an elongated shape, and it is located on
the surface of the layer (3a) longitudinally with re-
spect to the direction of the longitudinal axis of the
bushing.

A bushing according to claim 4, characterized in
that the current collecting member (5) is positioned
close to the symmetry axis of the field-grading layer
(3a).

A bushing according to claims 1, 2 or 3, character-
ised in that the current-collecting member (5) has
an elongated shape, and it is located on the surface
of the layer (3a) perpendicularly with respect to the
direction of the longitudinal axis of the bushing.

A bushing according to claims 1, 2 or 3, character-
ised in that the current-collecting member (5) has
a shape similar to a geometric figure, composed of
many elongated conductive elements (9), positioned
parallel to one another and connected crosswise by
means of another elongated conducting element
(10).

A bushing according to any of the previous claims
characterized in that the current collecting member
(5) is made of metal foil.

Abushing according to any of the claims 1to 7, char-
acterized in that the current collecting member (5)
is made of a braid or a woven or unwoven fabric
containing metal wires, fibers or metal foil strips.

10. A bushing according to any of the previous claims,

10

15

20

25

30

35

40

45

50

55

characterized in that the current collecting member
(5) is electrically connected with the field grading lay-
er (3a) using electrically conducting adhesive or
electrically conductive paint.

11. A high-voltage instrument transformer, character-

ized in that it comprises a bushing according to the
invention.
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